Cardiovascular reactivity is hypothesized to increase the risk of hypertension and other CVD-related conditions. However, studies to date are inconclusive. We compared the association of blood pressure and pulse responses to three stressors (postural challenge, handgrip test, mental arithmetic) with sociodemographic characteristics and CVD risk factors. We included 782 participants from the Hypertension Genetic Epidemiology Study. Blood pressure and pulse responses to stressors were defined as the difference between postand pre-stress measurements. Stepwise regression analyses examined change in SBP and pulse in response to stressors as a function of sociodemographic and CVD risk factors. Age, race, and gender were forced into models and other variables (education, BMI, waist circumference, resting SBP and DBP, cigarette smoking, LDL and HDL cholesterol, glucose, and antihypertensive medications (beta-blockers, calcium channel blockers, diuretics, ace inhibitors)) were retained if Po0.10. Age was a significant predictor of SBP response to all stressors. The SBP response to a change in posture was not related to other variables. The SBP response to mental arithmetic was significantly higher among men, those with larger waists, higher SBP, betablocker users, and lower among smokers. SBP response to the handgrip was significantly higher among those with higher SBP and beta-blocker users. Similarly, the association of the pulse response to the risk factors varied considerably across the stressors. Overall, the socio-demographic and CVD risk factors accounted for between 9 and 14% of the variance in the SBP response to the stressors and from between 4 and 12% of the variance in the pulse response to the three stressors. The associations between sociodemographic and CVD risk factors and the SBP and pulse response to stress were modest and inconsistent across stressors. The findings suggest that cardiovascular reactivity is a concept that needs to be defined in reference to specific stressors so that mechanisms leading to responses can be better understood.
Introduction
Blood pressure reactivity in response to psychological or physical stress is a hypothesized risk factor for hypertension and cardiovascular disease (CVD). Studies of the association between blood pressure reactivity and the subsequent development of hypertension [1] [2] [3] [4] [5] and coronary heart disease (CHD) or stroke [6] [7] [8] [9] have been inconclusive. Associations with elevated serum cholesterol (eg Vogele 10 and Bardwell et al 11 ) , fasting glucose levels/insulin sensitivity, 11, 12 and atherosclerosis 13 also have been inconsistent.
Many studies were based on small samples of college students and did not simultaneously consider the impact of multiple CVD risk factors. Also, the stressors used varied. While reactivity is a concept often treated as a single entity, evidence suggests that underlying physiologic responses leading to blood pressure change varies among different classes (eg, physical vs psychological, passive vs active) of stressors. 14 We examined the association between three laboratory stressors [mental arithmetic (psychological stressor), postural change from supine to standing (physical challenge), handgrip (isometric exercise)], and CVD risk factors. The following questions were addressed: (a) For each stressor, what is the relationship of the blood pressure (SBP, DBP, MAP) and pulse responses with each other? (b) Within individuals, is the blood pressure and pulse response to stress similar across stressors? And (c) to what extent do sociodemographic characteristics and CVD risk factors predict blood pressure and pulse responses to each stressor?
Materials and methods

Study population
Participants were from the Hypertension Genetic Epidemiology (HyperGEN) Network Study, one of four studies that make up the Family Blood Pressure Program (FBPP). HyperGEN included participants from four centres (Framingham, MA, USA; suburban Minneapolis, MN, USA; Salt Lake City, UT, USA; Forsyth Co., NC, USA) of the National Heart Lung, and Blood Institute Family Heart Study, as well as a fifth field centre (Birmingham, AL, USA). All participants gave informed consent and institutional review boards of all participating institutions approved the study.
Participants were 30-70 years of age and included approximately equal numbers of African-American and white men and women. Three samples were included: a hypertensive sample from multiply affected hypertensive sibships (n ¼ 2407), a random sample (n ¼ 914), and normotensive offspring of the hypertensive probands (n ¼ 515). Details about the study methodology and recruitment have been published. 15 This study includes participants from the random sample. Participants were excluded if they had a history of CVD at baseline (n ¼ 96), were missing resting blood pressure measurements (n ¼ 8), or were missing blood pressure measurements in response to all stressors (n ¼ 28). A total of 782 participants remained.
Blood pressure measurement
Blood pressure and pulse measurements were taken with a Dinamap 1846 SX/P oscillometric device using a standard protocol. After 5 min of rest, six seated blood pressure and pulse measurements were taken 30 s apart. Measurements were taken on both arms, unless there was a medical contraindication. Those with an odd-numbered birth date started with the left arm, while those with an even-numbered date started with the right arm. The sequence was as follows (RLLRRL or LRRLLR).
Next, participants reclined and rested for 5 min. All subsequent measurements were taken using the arm with the highest resting blood pressure averaged from the last two recordings. A supine reading was taken, the participant was asked to stand, and a measurement was taken immediately. After 2 min, a second standing measurement was taken. After the completion of the postural challenge, the participant was instructed to sit quietly for 2 min. Then two premath measurements were taken, separated by a 30 s rest period. Immediately after the task began a measurement was taken; after 60 s, a second measurement was taken. After completion of the mental arithmetic task, the technician explained the purpose of the handgrip test, demonstrated how to use the dynamiter, and adjusted it to fit the participant's hand size. The level of handgrip hold was determined before the examination as half of the average of two maximum handgrip pressures. After a 3 min rest, two pregrip measurements were taken and the handgrip test began. After 40 s of gripping, another measurement was taken.
The SBP, DBP, and mean arterial blood pressure and pulse rate responses to a postural change were calculated as the first standing measurement minus the supine measurement. We did not average the first and second standing measurement, since it occurred between 2 and 3 min after standing, when blood pressure restabilization may already have occurred. For the mental arithmetic task, the average of the two pretest measurements was subtracted from the average of the two measurements taken during the tasks. For the handgrip, the average of the two pretest measures was subtracted from the measurement taken during the task.
Other study variables
A self-or interviewer-administered questionnaire collected sociodemographic and behavioural risk factor data. Education was categorized as less than high school, high school, or greater than high school education. Cigarette smoking was categorized as never, past, or current smoker. Standing height was measured without shoes on a calibrated balance scale and recorded in centimetres. Weight, measured with light clothing without shoes, was recorded in pounds. Body mass index was calculated as weight (kg)/height (m 2 ). Waist circumference was measured in centimetres at the level of the umbilicus.
The use of antihypertensive medications was determined based on self-reported medication use during the prior 4 weeks and review of medications brought to the clinic. Medications were classified based on the class of agents most commonly used (calcium channel blockers, beta-blockers, diuretics, ace inhibitors).
Participants were requested to fast (except water) during the 12 h preceding the clinic visit.
Venipuncture followed a standard protocol. LDL cholesterol estimation used the Friedewald equation, 16 except when TG levels were greater than 400 mg dl, when ultracentrifugation was used. 17 HDL cholesterol was measured after precipitation of the non-HDL cholesterol components with magnesium/dextran. 18 Women were classified based on menopausal status and use of hormone replacement therapy (HRT): premenopausal, postmenopausal with HRT use, and postmenopausal with no HRT use. Women who reported being premenopausal and using HRT were classified as postmenopausal HRT users if they were aged 55 years or older (90% of the women in this sample who had a natural menopause had done so by this age); younger women were treated as unclassifiable.
Statistical analysis
Age, race, and gender-adjusted Pearson correlation coefficients were calculated to assess the consistency of SBP, DBP, MAP, and pulse response across the stressors as well as the correlation of the blood pressure and pulse responses within each stressor. Analyses were carried out overall and, given an earlier report of variations in the strength of such correlations by blood pressure level, 19 by hypertension status.
We analysed the association between SBP, DBP, MAP, and pulse response to the challenges and sociodemographic and CVD-related risk factors using stepwise linear regression. Age, gender, and race were included in all models. Additional risk factors [educational attainment, BMI, waist circumference, resting SBP, resting DBP, smoking status, LDL-cholesterol, HDL-cholesterol, fasting glucose and use of selected antihypertensive agents (betablockers, calcium channel blockers, diuretics, ace inhibitors), number of arithmetic problems completed (mental arithmetic only), and maximum grip strength (handgrip only)] were included but retained in the final model only if significant at the 0.10 level. Table 1 presents the characteristics of the HyperGEN random sample participants included in this study. Variables include sociodemographic characteristics, CVD risk factors, and medications that were considered in the subsequent analyses.
Results
Participant characteristics
Comparison of the distributions of blood pressure and pulse responses to the different stressors Table 2 presents the means, ranges, and values at selected percentiles (25th, 50th, 75th) for the blood pressure and pulse responses to the stressors. The SBP change was largest in response to the handgrip, intermediate for the mental arithmetic, and smallest for the postural challenge. The range of responses varied considerably across the stressors. As illustrated in Figure 1 , the SBP response to each stressor included both decreases and increases. However, only the SBP response to a postural challenge, which averaged only slightly above no change, included a substantial portion of participants who experienced SBP decreases. In contrast, for the SBP response to the handgrip, which had the strongest average increase, only a small proportion of participants experienced an SBP decrease. Similar patterns were seen for DBP and MAP responses to the stressors.
The pulse response to a postural challenge and the handgrip test was similar; increases averaged approximately 12 bpm. While the range of responses included decreases, the majority of participants experienced increases. The pulse response to mental arithmetic was less pronounced.
Correlation of physiological indices within and across stressors
The age, race, and gender-adjusted Pearson correlation coefficients of the different reactivity measures are given in Table 3 . For the postural challenge, SBP, DBP, and MAP were moderately to highly correlated with each other. There was a slight, albeit statistically significant, inverse correlation of pulse with Blood pressure and pulse responses to three stressors KM Rose et al SBP. SBP, MAP, and DBP shared moderately high to high correlations with each other on both the mental arithmetic and the handgrip challenges, and more moderate but statistically significant positive associations with pulse. These analyses were repeated, stratifying by hypertension status, and the results did not change substantially (data not shown). Age, race, and gender-adjusted correlations for each reactivity measure across tasks are shown in Table 4 . For DBP, SBP, MAP, and pulse, there was little correlation between the response to a change in posture and the response to the handgrip or mental arithmetic challenges. In contrast, there were modest, significant correlations between blood pressure and pulse responses to the handgrip and mental arithmetic tasks. The results did not change substantially when stratifying by hypertension status, except that among hypertensives, a modest correlation (r ¼ 0.12) between the DBP response to a postural challenge and handgrip was statistically significant (data not shown).
Sociodemographic and biobehavioural predictors of blood pressure and pulse changes in response to stress Table 5 presents the results of the stepwise linear regression analyses of the SBP responses to the stressors as a function of sociodemographic and CVD risk factors. Age was associated with a significantly decreased SBP response to a postural challenge and a significant increased SBP response to the mental arithmetic and the handgrip challenges. White participants showed greater responses to mental arithmetic and the handgrip. Men showed a greater response to mental arithmetic but a lesser response to handgrip. Participants with less than 12 years of education had less response to the arithmetic challenge.
Resting DBP, ace inhibitor or diuretic use, HDL serum cholesterol, and fasting glucose and insulin levels were not associated with the SBP response to any of the stressors, while other variables were inconsistently associated with the SBP response to the different stressors. Calcium channel blocker use was associated with a decreased SBP response to a postural challenge, while beta-blocker use was associated with a stronger SBP response to mental arithmetic and handgrip. SBP response to the mental arithmetic increased significantly with the number of problems completed. Greater maximum handgrip was associated with an increased SBP response to the handgrip.
Associations of change in MAP in response to each stressor were similar to those for SBP (data not shown). Associations were generally similar, but weaker for DBP. An exception was that diuretic use was associated with a decreased DBP response to a postural challenge (data not shown). Table 6 presents the results of stepwise linear regression analyses of predictors of the pulse response to the stressors. For all stressors, increase in pulse tended to be stronger among white subjects. Larger BMI was associated with an increased pulse response to a postural challenge but a slightly decreased pulse response to mental arithmetic and the handgrip. Current smokers, when compared to past and never smokers, had a decreased pulse response to mental arithmetic. Calcium channel blocker use was associated with an increased pulse response to mental arithmetic, while beta-blocker use was associated with a decreased pulse response to a postural challenge. The more arithmetic problems completed, the stronger the pulse response to mental arithmetic. Likewise, the greater the maximum handgrip strength, the stronger the pulse response to the handgrip.
As cardiovascular reactivity in women may vary by hormonal/menopausal status, 20, 21 we stratified by menopausal status and hormone replacement therapy use. No statistically significant differences in the SBP, MAP, DBP, or pulse responses to the postural challenge, mental arithmetic, or the handgrip test were noted by hormonal/menopausal status (data not shown).
Discussion
In this study, the distribution of physiological responses varied considerably across both type of indices (pulse vs blood pressure) and stressors. Patterns were complex for the blood pressure response to a change in posture, where responses averaged only slightly higher than zero and included a substantial proportion of individuals with blood pressure decreases. While blood pressure decreases occurred in some individuals in response to the handgrip and the mental arithmetic tasks, overall responses were in the direction of increase and were particularly pronounced for the handgrip. Similar findings have been reported for the blood pressure response to a postural challenge, 22, 23 while 4 and mortality. 24 To our knowledge, associations of blood pressure decreases in response to psychological challenges with CVD-related outcomes have not been investigated.
There was virtually no correlation between blood pressure and pulse responses to a postural challenge with other stressors. In contrast, the blood pressure and pulse responses to the handgrip and mental arithmetic were significantly but modestly correlated with each other. Previous studies have reported stronger correlations between cardiovascular reactivity measures across different psychological and physical tasks than between psychological and physical tasks. 25, 26 This may in part be explained by differences in the underlying physiologic processes leading to reactivity across tasks (eg, alpha-andrenergic and beta-andrenergic activity).
14 This reinforces the notion that cardiovascular reactivity is not a homogenous concept and that for individuals, cardiovascular responses should not be assumed to be similar across stressors.
Sociodemographic factors were associated, albeit inconsistently, with the blood pressure response to the three stressors. Age was associated with all stressors, although the association was negative for the postural challenge and positive for handgrip and mental arithmetic. The association of increased age with a decreased blood pressure response to a postural change has been consistently reported. 7, 23 SBP reactivity in response to laboratory stressors has been reported to increase with age. 27 This is consistent with documented age-related changes in autonomic function. 28 Men (vs women) and white subjects (vs black subjects) had significantly stronger SBP responses to mental arithmetic. In contrast, race was not associated with the SBP response to the other stressors and men had a less pronounced SBP response to the handgrip than women. Lack of variation in the blood pressure response to a postural challenge by both gender and race (eg, Rose et al 7 ) has been previously reported. Studies examining the association of gender with blood pressure responses to mental arithmetic and other psychological/behavioural task and/or the handgrip test have been inconclusive. 29, 30 Those with less education had a borderline significantly smaller SBP response to mental arithmetic, while there was no independent association of educational attainment with blood pressure response to the handgrip or the postural challenge. Earlier studies report the lack of association of the blood pressure response to a change in posture with educational attainment 7 and the increased SBP response to mental stress among men of higher occupational grades. 31 The contribution of bio-behavioural risk factors to the prediction of the SBP responses to stressors was weak and associations did not tend to be consistent across stressors. An exception was larger responses to the handgrip and the mental arithmetic challenges being associated with higher SBP and use of beta-blockers. There were modest, but significant associations of pulse response to the three stressors and the CVD risk factors.
Sociodemographic and selected CVD risk factors explained between 9 and 16% of the variance in the SBP response to the three challenges and between 4 and 12% of the variance in the pulse response to the three challenges. Thus, factors not considered in our study may play major roles in determining cardiovascular responses to these stressors. There is evidence of genetic influences on some of these traits. Pankow et al 32 reported a moderate genetic influence on the SBP response to postural challenge and localized a major gene influencing this to a locus on Chromosome 18. Also, polymorphisms of Gs protein alpha-subunit T131C have been associated with the SBP response to standing. 33 In twin studies, the pulse response to mental arithmetic 34 and the blood pressure response to mental arithmetic and handgrip challenges 35 were found to be under genetic influences. As we develop an increased understanding of the interplay between genetic and environmental influences on cardiovascular reactivity, clues should emerge that help us better understand associations with CVD-related outcomes.
Our study has limitations. It was cross-sectional, so we could neither examine whether sociodemographic and CVD risk factors examined preceded the reactivity patterns, nor know of the effects of the latter on CVD. Cardiovascular reactivity to tasks involving a psychological component is in part dependent upon the individual perceiving the task as stressful. Thus, we must consider that individual and environmental characteristics not captured in our study may also explain much of the variation in cardiovascular responses to such stressors.
Most studies of cardiovascular reactivity and CVD-related outcomes have been based on small, convenience-based samples. A strength of this study is that it was part of a larger genetic epidemiologic study of population-based cohorts, in which a large number of CVD-risk factors were measured using a standard protocol.
In summary, patterns of blood pressure and pulse responses varied markedly across the different stressors as did the inter-relationship of responses across stressors and their associations with sociodemographic and CVD-related risk factors. This lack of consistency demonstrates problems inherent in cardiovascular reactivity research that have been suggested by others.
14 Thus, cardiovascular reactivity is a concept that should be defined in reference to specific situations or stressors so that the mechanisms leading to responses can be better understood and the potential short-and long-term sequelae can be more carefully explored.
